Objectives: To determine the optimal somavaratan dose regimen to normalize insulin-like growth factor-I (IGF-I) in pediatric GHD and to evaluate safety and efficacy of somavaratan over 6 months.
S
uccessful development of a long-acting recombinant human growth hormone (hGH) (rhGH) will reduce the frequency of administration, compared with daily rhGH, potentially increasing overall compliance and resulting in improved long-term treatment outcomes (1) (2) (3) (4) (5) . Somavaratan (VRS-317) is a fusion protein (MW 119 kDa) produced in E. coli. The pharmacologically active portion is rhGH and the pharmacologically inactive portions are long chains of natural hydrophilic amino acids (XTEN) (6, 7) . Although in vitro potency is reduced by approximately 12-fold compared with rhGH, in vivo potency is enhanced by its delayed clearance and by the resultant prolonged exposure at the target tissues (7) . It was demonstrated that, in adults with growth hormone (GH) deficiency (GHD), somavaratan has the potential for up to once-monthly dosing. In GHD adults, the elimination half-life of somavaratan was 30 -60 times longer than rhGH, and a dose proportional increase in the somavaratan total exposure and insulin-like growth factor-I (IGF-I) responses were observed with persistent IGF-I responses for 1 month after a single subcutaneous dose (8) . It is known that rhGH dose requirements differ greatly between adults and children. Adults with GHD receive 2-12 g rhGH/kg/d (9 -11), whereas prepubertal GHD children are treated with 22-50 g/kg/d (12) (13) (14) . Accordingly, a somavaratan dose-finding trial was conducted for naïve-to-treatment, prepubertal GHD children. A somavaratan dose to normalize IGF-I levels over a month was established in a single ascending dose format and was then followed by a 6-month assessment of safety and efficacy when the selected dose equivalents were administered as monthly, twice-monthly or weekly regimens.
Patients and Methods

Study Design
This Phase 1b/2a study consisted of a 30-day single ascending dose phase, followed by a 6-month, randomized, open-label safety and efficacy phase to compare treatment effects of 3 somavaratan dosing regimens. The study was conducted in 25 pediatric endocrinology clinics in the US. Before any study activity, parents or guardians provided written informed consent and patients provided signed assent, where required.
Patients
Patients had GHD as confirmed by short stature (height standard deviation score [HT-SDS] Յ -2.0), 2 or more GH stimulation tests (GH max Յ10.0 ng/ml using stimulation agents currently used in each Investigator's practice), IGF-I standard deviation score (SDS) Յ -1.0, and a delayed bone age. Patients were excluded if they had prior use of agents that affect growth, presence of significant chronic illness, syndromes, chromosomal aneuploidy, significant gene mutations (other than those that cause GHD), confirmed diagnosis of a named syndrome (eg, Turners, Prader-Willi, Russell Silver, etc.,), active malignancy, or medication use that could confound the detection of treatment effects. Prior to receiving study drug, all patients not receiving glucocorticoid replacement therapy underwent adrenal status testing. Patients with known additional pituitary hormone deficiencies received a minimum of 4 weeks of effective treatment prior to study drug administration.
Study Protocol
In the single ascending dose phase of the study, patients were allocated using age balancing (stratified above and below the anticipated median age of 7.5 years at screening) to receive somavaratan (0.8, 1.2, 1.8, 2.7, 4.0 or 6.0 mg/kg) as a single subcutaneous (SC) injection on Day 1, with 8 patients treated per dose level. All safety data were reviewed against protocol-specified stopping criteria before the next higher dosing arm was enrolled. All patients had pharmacokinetic/pharmacodynamics (PK/PD) measurements determined on Days 1 (predose), 4 (Ϯ1 day), 8, 15, 22 and 30. Antibody assessments were conducted on Days 1 (predose), 15, 30, and 60. A one-compartment model was used to derive PK parameters for somavaratan and to permit simulations of somavaratan concentrations that would occur under repeat-dosing conditions. A PK/PD correlational model was used to relate the average change in IGF-I SDS to the total somavaratan exposure (area under the plasma concentration vs time curve, AUC) over the dosing interval. Dose selection for Phase 2a was performed by determining the dose that would achieve the appropriate simulated drug exposure to effect a 1.0 -1.2 SDS increase in average IGF-I SDS over the dosing interval and to move the baseline IGF-I SDS (-1.7) into the normal range, which has been shown historically to result in catch-up growth (17) .
Safety and Efficacy Assessments
Following dose selection from the Phase 1b stage of the study, 64 patients (44 from Phase 1a plus 20 newly enrolled patients) were randomized and age balanced into 3 treatment groups for the Phase 2a stage: 1.15 mg/kg weekly, 2.5 mg/kg twice-monthly or 5.0 mg/kg monthly. In this Phase 2a stage, all patients were scheduled to receive a total of 30 mg/kg somavaratan over 6 months to permit detection of any treatment group effect. All doses were administered and recorded by a health care professional. Safety and efficacy data were collected prior to treatment (Day 1) and at 1, 3 and 6 months. Bone age was determined for eligibility purposes at screening and for efficacy purposes in Phase 2a predose and after 6 months treatment. All radiographs were interpreted by a central reader using the Fels method (LifeSpan). All data were captured in an Electronic Data Capture (EDC) system (OmniComm). All EDC data entries were verified against source documents by monitors from ResearchPoint Global (Austin, TX). Adverse events were collected at each visit and graded using the Common Terminology Criteria for Adverse Events (CTCAE v4.0). During Phase 2a, samples for PK/PD were collected on Days 1 (predose), 4 (Ϯ1 day), 30, and 90, on 4 (Ϯ1) days after the last dose, and on Day 180. Samples for antisomavaratan antibodies were collected at baseline, Day 90 and Day 180.
Assays
IGF-I was determined by liquid chromatography-mass spectroscopy at Quest Diagnostics. Insulin-like growth factor binding protein-3 (IGFBP-3) concentrations and routine safety laboratory results were also determined at Quest. Somavaratan plasma concentration and antisomavaratan antibody serum titers were performed with validated assays at Intertek Pharmaceutical Services (San Diego, CA). The antibody assessment followed a standard tiered approach of screening, confirmation, and titration according to published guidance (15) . The specificity of a confirmed antisomavaratan antibody response to GH and XTEN was also confirmed by immunodepletion with somavaratan or rhGH.
PK/PD Analysis
Somavaratan PK parameters were estimated with one-compartment techniques using WinNonLin™professional v5.3 (Pharsight Corporation, Mountain View, CA). The AUC for IGF-I was calculated using the linear trapezoid method. For Phase 2a dose selection, correlational models were developed to relate the drug exposure (somavaratan AUC) to change in IGF-I SDS from baseline over weekly, twice-monthly and monthly intervals. In Phase 2a, the average and increase in average for IGF-I SDS was calculated as the mean of all samples over 6 months.
Statistical Analysis
The safety population consisted of all 48 patients in Phase 1b and all 64 patients in Phase 2b (44 continuing patients from Phase 1b plus 20 newly enrolled patients). The Phase 2a efficacy population consisted of 64 patients. The PK/PD population consisted of all patients in each phase. Some PK/PD parameters are also reported for the Per Protocol (PP) group who had complete collections of all planned PK/PD samples.
Descriptive statistics and multivariate analyses were conducted according to a statistical analysis plan developed prior to database lock. Efficacy and IGF-I responses were analyzed with ANCOVA with the response parameter as the dependent variable and age and dose regimen and baseline parameter values as independent variables. An exploratory analysis was conducted with this model to determine if IGF-I responses were correlated to growth responses. Potential effects of antisomavaratan antibody status were assessed with the HV ANCOVA model.
Results
Patient Disposition and Characteristics
In Phase 1b, 48 patients were enrolled into the 6 dosing groups (8 per group) and 48 patients completed the 30-day study. In Phase 2a, 44 of the Phase 1b patients elected to continue and 20 additional patients were enrolled. Three phase 2 completers opted to start daily rhGH in lieu of waiting for the start of phase 3 and one moved to a location where no study site was available. In Phase 2a, a total of 64 patients were randomized and 63 completed the 6-month treatment period. At screening, all patients were prepubertal with Tanner stage 1 breast development in girls and testicular volumes Ͻ 4.0 mL in boys. The characteristics of the patients are listed in Table 1 . There were no clinically meaningful between-group differences in press.endocrine.org/journal/jcemscreening characteristics in either study phase. For the Phase 2a weekly, twice-monthly, and monthly dosing groups, comparable numbers of patients had previously participated in Phase 1b (n ϭ 14, 14, and 16, respectively) with comparable mean Phase 1b somavaratan doses (2.7 mg/kg, 2.9 mg/kg, and 3.0 mg/kg, respectively).
Pharmacokinetics (PK)
The Phase 1b PK data identified somavaratan doses associated with quantifiable plasma somavaratan concentrations persisting for up to 1 month following a single SC dose administration (Figure 1a) . The model that best described the PK was a one-compartment elimination model with first order input. Log transformed PK parameters (C max , AUC) were linearly related to log-transformed somavaratan dose (Figure 1b) . No gender or age effect was noted on PK parameters. During multiple dosing in Phase 2a, analysis of successive PK peaks and troughs showed minimal drug accumulation during the first month for weekly administration and no other significant accumulation for any dose regimen throughout 6 months of dosing (data not shown).
Pharmacodynamics (PD)
Total IGF-I concentrations and SD scores were the primary PD parameters. In Phase 1b, the mean maximal IGF-I SDS increased with increasing dose and ranged between 0.5 and 1.0 for the top 3 dosing groups. All patients had relative IGF-I deficiency at baseline (IGF-I SDS Ͻ -1.0) and the increase from baseline in the 30-day average IGF-I SDS was proportional to dose (Figure 2a) . Only 2 patients had a transient IGF-I level above the reference range (IGF-I SDS Ͼ 2.0), and no patients had an IGF-I SDS Ն 3.0. In Phase 2a, the mean and interquartile range values for maximal IGF-I SDS, maximal IGF-I SDS change from baseline and average IGF-I SDS change from baseline are shown in Figure 2b . The mean maximal IGF-I SDS showed a dose frequency effect with the lowest values in the weekly dosing group and highest in the monthly group. There were no dose frequency effects on other Phase 2a PD parameters. Importantly, a substantial monthly average in IGF-I SDS change from baseline was demonstrated for weekly, twicemonthly and monthly dosing. Six patients, all in the monthly dosing group, had transient IGF-1 SDS Ͼ 2.0, and no patients had an IGF-I SDS Ͼ 3.0. After the first month and during 6 months of somavaratan treatment, there were no meaningful differences in successive IGF-I SDS peaks or troughs, indicating no accumulation of somavaratan and IGF-I and no decrease in IGF-I responses with repeat dosing at these intervals (data not shown).
Efficacy
The mean Ϯ SD change in height from predose to completion of 6 months of treatment in Phase 2a is reported as No treatment group or other effects on bone age were noted in AN-COVA. These changes, and those for weight and BMI, are summarized in Table 2 . Little change was noted in pubertal status of these prepubertal patients. No individual changes in pubic hair stage or mean testicular volume were observed; however, 2 female patients in the weekly group proceeded to Tanner stage 2 breast development.
Safety
There were no related serious adverse events or unexpected adverse events. Related adverse events were primarily mild (grade 1) and transient and of the type expected when press.endocrine.org/journal/jcemrhGH is initiated in GHD children naïve to rhGH treatment. With more than 1300 injections administered in the Phase 2a stage, injection site pain was reported in approximately half of all patients and was mild and transient (Ͻ 30 minutes). Nodule formation or lipoatrophy was not observed at injection sites. The adverse events for Phase 1b and 2a are shown in Table 3 . One patient withdrew from the twice-monthly group in Phase 2a after experiencing urticaria. Antisomavaratan antibodies were detected in a screening assay and their specificity confirmed by inhibition by adding somavaratan and rhGH. In a planned post hoc analysis, the antibody status (positive at any time vs negative at all times) was added as a covariate in the HV ANCOVA. No significant effect of antibody status on HV was observed.
Discussion
Somavaratan is an investigational rhGH fusion protein in clinical development and is designed to reduce the frequency of administration of daily rhGH to up to oncemonthly somavaratan in children and adults with GHD. We present the results of the first randomized trial in GHD children. Somavaratan was designed to achieve up to once-monthly dosing with the anticipation that a reduced burden of dosing schedules might alleviate challenges of treatment adherence with daily rhGH (1, 2, 16 ) and avoid the diminished efficacy associated with decreased adherence (5) . Somavaratan is rhGH with XTEN sequences of hydrophilic, naturally occurring amino acids bound to the N-and C-termini (6) . Somavaratan was designed to have reduced renal clearance through an increase in hydrodynamic size and reduced clearance mediated by the GH receptor through reduced binding affinity (7) . Somavaratan plasma half-life in GHD adults was 131 hours, a 30-to 60-fold increase over SC-injected rhGH, thus making possible somavaratan administration at up to monthly intervals (8) .
In children, weight-based rhGH dose requirements are greater than in adults (9) . Accordingly, the somavaratan pediatric GHD development program began with a single ascending dose study (Phase 1b), with dose ranging beginning at the highest dose proven safe and effective in GHD adults (8) . The PK/PD properties in GHD children were similar to those observed in GHD adults. PK parameters (C max , AUC) were directly proportional to dose with no gender effect. Somavaratan exposures and IGF-I responses persisted for up to 1 month and were dose dependent. The 30-day average for IGF-I responses was also proportional to dose. This PK/PD relationship enabled the creation of a correlational model indicating a direct relationship between somavaratan total exposure (AUC) and average increase in IGF-I SDS. The PK dose linearity of somavaratan, enabled testing of effects of dose frequency on IGF-I SDS increases, as well as HV after 6 months of treatment. All patients in the 3 Phase 2a dose groups were scheduled to receive a total somavaratan dose of 30 mg/kg over 6 months, and the study was balanced across treatment groups to enable evaluation of dose frequency. With the exception of a higher mean maximal somavaratan concentration and mean maximal IGF-I SDS, no dose frequency effects of somavaratan were noted on PK, PD, safety, or growth response variables. Somavaratan concentrations were observed to persist for the duration of weekly, twice-monthly, and monthly intervals and were associated with substantial increases of IGF-I within anticipated levels (17, 18) . At observed somavaratan concentrations, a minimal number of IGF-I SDS transiently exceeded 2.0 (n ϭ 6 during repeat dosing in Phase 2a), and none exceeded 3.0. Safety events were mild and transient and consistent with adverse events reported in labels for rhGH products (19, 20) . No related serious adverse events or unexpected adverse events were observed. In particular, the dose administrations were well tolerated. There were no cases of injection site lipoatrophy or nodule formation. Routine funduscopy was performed at all visits and no signs of increased intracranial pressure (eg, papilledema) were noted. Antisomavaratan antibodies had no impact on safety, PK/PD, or efficacy.
The pattern of catch up growth with rhGH treatment in children, as determined by HV and change in height standard deviation scores, has an inverse relationship to age and a direct relationship to dose (21) (22) (23) . Midparental target height and markers of disease severity have also been significant predictors of growth response (12, 22, 24) . Similar age dependencies have been observed for other rhGH treated patient groups including small for gestational age (SGA) (25) , idiopathic short stature (26) and for rhGH or rhIGF-I treated children with short stature, low IGF-1 and normal stimulated GH treated (23, 27) . The age-dependence of HV with somavaratan was as anticipated. Before puberty, younger children grow more quickly than older children (28, 29) . In accord with these findings, growth responses to somavaratan are inversely related to age and further related to a marker of disease severity, in this case, the baseline IGF-I SDS. Lower baseline IGF-I SDS predicts a greater treatment response.
Age-related mean growth velocities are less in children with moderate rather than severe GHD (12) . During Phase 1b, the median baseline HT-SDS ranged from -2.3 for the 4.0 mg/kg group to -2.8 for the 1.2, 1.8, and 6.0 mg/kg groups, and the median baseline IGF-I SDS ranged from -1.3 for the 0.8 mg/kg cohort to -1.8 for the 1.2 mg/kg cohort. During Phase 2a, the maximal GH stimulation test ranged from a mean of 4.9 ng/mL for the 2.5 mg/kg twicemonthly cohort to 5.5 for the 5.0 mg/kg monthly cohort. All of these were indicative of a moderate degree of GHD. Nevertheless, mean annualized HVs on somavaratan (ϳ7.5-8.5 cm/y) were substantially above mean pretreatment HVs (4.52 cm/y, collected from 38 patients), with no significant differences between dosing regimens.
Overall, somavaratan demonstrated clinically meaningful improvements in HV and IGF-I in prepubertal children with GHD, with mild and transient adverse events.
